PHOTOPiC: Calculate photo-ionization functions and model coefficients
  for gas discharge simulations by Zhu, Yifei et al.
ar
X
iv
:2
00
5.
10
02
1v
1 
 [p
hy
sic
s.p
las
m-
ph
]  
20
 M
ay
 20
20
PHOTOPiC: Calculate photo-ionization functions and
model coefficients for gas discharge simulations
Yifei ZHUa,b,∗, Yun WUa,b,∗, Jianzhong LIc
aScience and Technology of Plasma Dynamics Laboratory, Airforce Engineering
University, Xi’an 710038, People’s Republic of China
bInstitute of Aero-engine, School of Mechanical Engineering, Xian Jiaotong University,
Xian 710049, People’s Republic of China
cGongfang Plasma Tech. Co. Ltd. Hefei, China
Abstract
A program to compute photo-ionization functions and fitting parameters
for an efficient photo–ionization model is presented. The code integrates the
product of spectrum emission intensity, the photo–ionization yield and the
absorption coefficient to calculate the photo–ionization function of each gas
and the total photo–ionization function of the mixture. The coefficients of
Helmholtz photo–ionization model is obtained by fitting the total photo–
ionization function. A database consisting N2, O2, CO2 and H2O molecules
are included and can be modified by the users. The program provides more
accurate photo–ionization functions and source terms for plasma fluid mod-
els.
Keywords: photo–ionization; plasma modeling; streamer; discharges.
PROGRAM SUMMARY
Program Title: PHOTOPiC
Licensing provisions: GPLv3
Programming language: Python
Nature of problem: Photo–ionization plays a critical role in creating seed electrons
in front of the ionization streamer head. The photo–ionization functions are re-
quired to calculate source terms in fluid models for pure gas or gas mixtures. The
Efficient three–terms Helmholtz photo–ionization model has to be extended for
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non air gases but the modeling parameters are unknown.
Solution method: the code integrates the spectrum emission intensity, the photo–
ionization yield and the absorption coefficient to calculate the photo–ionization
function of each gas[1] and the total photo–ionization function of the mixture. The
coefficients of Helmholtz model is obtained by fitting the total photo–ionization
function.
Restrictions: The included database is not complete. The users have to provide by
themselves the quenching pressures and ionization efficiency. The methods have
been introduced in the text.
Running time: Few seconds for pure gas and few minutes for a gas mixture of two
or three species.
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1. Introduction
During the gas discharge, effective excitation of radiative states occurs,
and the radiation propagates outward, producing photoelectrons at various
distances from the discharge zone. As a result, electrons can be produced
at a certain distance from the discharge propagating head, known as photo–
ionization. Photo–ionization plays a critical role in the spatial advancement
of discharge streamers by creating seed electrons in front of the ionization
head [2, 3, 4, 5, 6, 7, 8, 9].
The photo–ionization rate of a given gas or gas mixture can be character-
ized by the pressure and geometry independent photo–ionization function.
Notwithstanding the increasing demand for photo–ionization rates, there are
still only very few publications on this topic. A recent study can be found
in Ref [1], where the photo–ionization functions of N2, O2, CO2 and air are
given and discussed. The influence of water addition to the air has been
discussed in [4].
Numerical simulation of gas discharges requires accurate and efficient
evaluation of the effects of photo–ionization, which remains a challenging
task. To account for photo–ionizations, the continuity equations of elec-
trons and ions in the plasma fluid model have to be added with a source
2
term [10]. With the knowledge of photo–ionization functions, the photo–
ionization source term can be calculated by the classical integral model [11,
3, 12], the two or three terms Helmholtz models [13, 10], the three-group Ed-
dington and SP3 approximation model [14, 10], the Monte-Carlo model [15]
et al.
The aforementioned models for photo–ionization source terms are con-
sidered mainly in simulations of gas discharges in N2 and O2 mixtures. For
example, the three terms Helmholtz model is one of the widely used ap-
proaches [16, 17, 18, 19, 20, 21, 22, 23, 24]: it is easy to implement and
requires only a Poisson solver, but existing coefficients presented in [10] are
applicable only for N2/O2 mixtures and the concentration of O2 should not
be zero, otherwise will loss accuracy due to changed photo–ionization func-
tions [8].
In this work we present the PHOTOPiC (PHOTO–ionization Parame-
ter Calculator) program to calculate the photo–ionization function of pure
gas or gas mixtures (with known photo–ionization and photo–absorption
cross–sections), and an improved three–terms Helmholtz model to account
for photo–ionization in non N2/O2 gases.
2. Theoretical background
2.1. Photo–ionization yield and absorption coefficient
The probability of photo-ionization is related to the photo-ionization
cross-section, which depends on the energy of the photon and the target being
considered. The probability of absorbing radiation is related to the absorp-
tion cross-section. EUV absorption and photoionization cross sections for
the gases under consideration can be found in different publications [25, 26].
The combination of these parameters gives the information of how the photo
emission will be absorbed by each species in the system.
At each wavelength λ of individual gas specie i, the photo-ionization yield
ξλ,i(λ) (the probability of ionization of molecules by photon absorption) and
absorption coefficient µλ,i(λ) are defined as:
ξλ,i(λ) =
σion(λ)
σabs(λ)
(1)
µλ,i(λ)/p = σabs(λ)
1
kBT
(2)
3
where kB is the Boltzmann constant and T is the gas temperature. σabs(λ)
and σion(λ) are photo absorption and photo–ionization cross sections at spe-
cific wavelength. Above values are essential to calculate the multi–component
photo–ionization functions.
2.2. The photo-ionization functions
In the widely used model derived by Zheleznyak et al [11, 27, 9] for pho-
toionization in air, the photo–ionization rate at point of observation ~r1 due
to source points emitting photo–ionizing UV photons at ~r2 is:
Sph(~r1) =
∫
V
I(~r2)Φ0(r)
4πr2
dV (3)
where r = |~r1 − ~r2|. For simplicity I(~r) is assumed to be the ionization
production rate. The photo–ionization function Φ0(r) reduced by pressure
can be expressed by following formula [1]:
Φ0(r)
p
= Π
1
4π
·
ω
αeff
·
∫ λmax
λmin
ξλ(µλ/p)exp(−(µλ/p)pr)I0dλ∫ λmax
λmin
I0dλ
(4)
where Π is the correction factor for high pressure conditions, ω/αeff is the
scaling factor. The integral range (λmin, λmax) is decided by the threshold
ionization energy and the dominating radiation transitions at higher energy
levels. I0dλ is the emission spectrum of the gas intensity at given wavelength
and electron energy.
Equation (4) is defined for only one specie. In case of a multi–component
system, the concentration of the absorbing specie j, ηj ,has to be taken into
account to calculate the absorption of radiation by all species in the system.
In equation (4) the absorption term in exp(−(µλ/p)pr), µλ is redefined by:
µijλ =
∑
j
ηjµλ,j (5)
When the contribution from emission and absorption of every specie are
considered, for gas specie i ionized by emission from specie j, the multi–
component photo–ionization function reads:
Φ0(r)ij
p
= ηj
1
4π
(
ω
αeff
)ij(
∫ λmax
λmin
ξλ,i(µλ,i/p)exp(−(µ
ij
λ /p)pr)I
0
λ,jdλ∫ λmax
λmin
I0λ,jdλ
)Πij (6)
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In a gas system of n species, there will be n×n photo-ionization functions.
These functions can then be used to analyze the constitute of photo-ionization
source. This enables the possibility to find the main contributing photo–
ionization processes to the gas discharge propagation.
2.3. Parameters for the extended Helmholtz photo–ionization model
The three terms Helmholtz photo-ionization model has been widely used
in many groups as it is easy to be implemented and requires only a Poisson
solver. The three terms Helmholtz model writes:
∇2Sjph(~r)− (λjp)
2Sjph(~r) = −Ajp
2I(~r) (j = 1, 2, 3) (7)
The sum of Sjph is the source term of photo-ionization, λj and Aj are pa-
rameters to fit. It has to noted that, in previous publications p denotes the
partial pressure of oxygen [10] and I is the product of ionization source, scal-
ing factor and pressure correction factor. The classical three-terms Helmholtz
model are applicable only for N2:O2 mixtures (and O2 molecules must be the
ionizing target)[8]. The use of this model for other gas mixtures haven’t been
found yet.
In this work, we consider p as the gas pressure, and I(~r) is the ionization
source term, allowing a more general condition. The parameters λj and Aj
follow:
Φ0(r)
p
= (pr)
∑
j
Aje
−λjpr (8)
Taking pr as the variables, and knowing the value of photo–ionization
function Φ0(pr)/p, the least square method is used to find the fitting param-
eters. Typically in low temperature plasma streamer stage the gas mixture is
not changing dramatically, thus we can use the fitted parameters as constants
in the simulation.
3. Program organization
The program PHOTOPiC computes the photo–ionization functions by
integrating the products of photo–ionization yields, absorption coefficients
and emission spectrum intensity. It requires the input of three formatted files
containing the photo–ionization and absorption cross sections, the emission
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spectrum data and other physical parameters (wavelength range, the scaling
and quenching factors).
When running, the program collects the information of gases (species,
concentrations, temperature and pressure), reads input files (cross sections,
emission spectrum and other physical parameters) and then calculates the
photo–ionization functions of individual gases and sums to achieve the total
photo–ionization function. The parameters of three terms Helmholtz photo–
ionization model are then calculated based on fitting of the total photo–
ionization functions.
3.1. Distribution and installation of the program
The program is distributed as a single zip file containing an executable,
three input files (Xsecs.dat, Spectrum.dat, Phys.dat) and the source code.
At least 80 Mb hardware space are required. The executable can be ran
directly on a 64 bit windows operation system.
It is also possible to run the program from the source code. A Python 3.7
environment with corresponding packages listed in the requirements.txt have
to be installed by pip command if the users wants to run the program from
client.py in the unzipped folder.
3.2. Graphical user interface
In this section the usage of the program is demonstrated, taking calcu-
lation of the photo–ionization functions of air as an example. The program
starts with the gas specification page. One has to select the gases to be stud-
ied, and define the concentration (%). The sum of the percentage of each
concentration should be 100%.
Figure 1 shows the default settings. One can click the “apply and next”
button after filling all the ticked text boxes. The users can tick as many
species as they want, but the increase number of specie means longer cal-
culation time. If the concentration is 0%, just tick out to reduce the com-
putational cost. After specifying the mixtures, users have to click “Apply
and Next” to proceed to next stage and designate physical parameters, see
Figure 2 .
The condition parameters required for photo-ionization function calcula-
tion are temperature (K), Pr (the product of pressure and radius, Torr·cm)
and pressure (Torr), these can be specified directly in the graphical user
interface.
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Figure 1: Specify the components and concentration of a gas mixture.
The physical parameters as input are photo-ionization cross sections,
photo-absorption cross sections, emission spectrum, integrating range λmin,
λmax, the scale factor ω/αeff and the quenching pressure pq for the pres-
sure correction factor Π. We have organized three database files containing
those parameters for N2, O2, CO2 and H2O gases. The program will auto-
matically search and load the input database files: Xsecs.dat, Spectrum.dat
and Phys.dat in the program folder, if the files are absent, the users have to
load manually by clicking on the buttons and select corresponding files. The
database files can be updated or replaced with other gases, the format of the
input files will be introduced in the next section.
After specifying the condition and physical data, users can click “Apply
and Next” to proceed to the next stage and calculate the photo-ionization
function of each gas ionized by the radiation from another.
In this stage the users just have to click the “Calculate” button and wait.
7
Figure 2: Specify the condition and physical parameters required to calculate photo–
ionization function.
When PHOTOPiC is calculating, all the button will be grey, there will be
a progress information on the left corner. Once the calculation is finished,
the grey buttons will turn active (black) again. Then the users can plot the
results in the window on the right, as shown in Figure 3. To plot, first select
from the list “ionized gas” the target gas specie, and then click the “Plot”
button. You will see the photo–ionization functions caused by different source
gases in the window on the right. The results can be saved by clicking the
“Export” button.
It has to be noted that sometimes the plot window is too small to show
enough information (legends et al.). Users can click the “Open in a separate
window” button, to see the results in a full–screen window or just treat the
data in the output file.
To bridge the photo–ionization and the models for the calculation of
photo–ionization, one has to click the “Apply and next” to proceed to next
8
Figure 3: Label-1 specify a gas and corresponding percentage
stage. This stage parameters for specific models that are widely used in
plasma modeling (especially streamer discharges) can be calculated. This
first version of the software calculates only for the extended 3–terms Helmholtz
equations model.
To obtain the parameters, just select the model from the list (see Fig-
ure 4), the description of the model is shown below the list. Click the “Fit
and show” button. The fitting parameters are calculated using the least
square method and printed in the text box below the button.
The fitting parameters can be used in fluid codes or existing commercial
softwares (for example COMSOL multiphysics) with tiny modifications to
the classical three terms Helmholtz photo–ionization equations (replace the
oxygen partial pressure with the pressure).
9
Figure 4: Label-1 specify a gas and corresponding percentage
4. Input data specification
In this section the format of the input files are explained. The users can
adjust the database files to replace the gases to calculate any other specific
cases.
(1) cross sections
Photo–ionization cross section and Photo–absorption cross section data
are stored in Xsecs.dat file. The cross section data in the database is ex-
tracted from [26, 28, 28]. The template of the database is:
#Gas name
#photo-ionization or photo-absorption
Energy(eV) xsec(×10−18m2)
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Take N2 as an example, the cross section data reads:
#N2
#photo-ionization
2.370 0.80
2.847 0.96
2.879 0.95
2.952 0.99
3.000 0.61
...
#N2
#photo-absorption
2.370 0.80
2.847 0.96
2.879 0.97
The program assumes that the first column of the photo–ionization and
photo–absorption cross sections are the same (as they are usually provided
together). It is suggested that the users make an interpolation manually to
meet this restriction, if they are providing the cross section data from differ-
ent sources with different discrete values in the first column.
(2)Optical emission spectrum
Optical emission spectrum in an as large wavelength range as possible for
each gas is suggested. The database of the spectrum is stored in Spectrum.dat
file. The data file can be found in existing publications [29, 30, 31, 32]. The
template of the database is:
#Gas name
#some comments
Wavelength(nm) strength(a.u.)
Still, take N2 as an example, then spectrum data reads:
#N2
#precision 0.5nm, 50–200nm
52.5773 0.01997
52.8522 0.08068
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53.1271 0.18684
53.2646 0.23235
53.5395 0.15670
...
(3) Other physical parameters
Additional physical parameters are necessary to decide the integration
limit of spectrum, the scaling factor relating to the emitting processes and the
quenching factors. Usually the users don’t have to adjust the incorporated
database. But if users would like to replace with new gases, or to update
from latest publications, it is necessary to check carefully these parameters.
The list of other physical parameters are:
(i) The integration wavelength range λmin and λmax. The lower and upper
limit is denoted as “LAMBDA MIN” and “LAMBDA MAX”.
The upper limit corresponds to the ionization threshold energy of the
target gas j, thus there is 4 numbers in “LAMBDA MAX”, corresponding
to N2 (j = 1), O2 (j = 2), H2O (j = 3) and CO2 (j = 4).
The lower limit is decided to ensure there are at least two peak emis-
sion intensities between “LAMBDA MIN” and “LAMBDA MAX” for the
emitting gas i. Thus there are n×n (n is the number of species in the
database) values to be decided, they are tabulated as a matrix, if i=2, j=3
then “LAMBDA MIN” value is located at the second row and third column.
(ii) The scaling factor ω/αeff . This factor does not affect the profile of
photo–ionization functions, but decides the absolute value. It corresponds
to the excitation of one system of radiative transitions and is also a matrix
denoting the radiating gas i and target gas j. This value can be obtained by
two steps:
First, find the cross section of corresponding emitting reactions of gas i,
σext. Divide σext by χ (the percentage of the emitting intensity to the total
emission intensity, see [1]):
σext = σext/χ (9)
Second, use the scaled cross section σext with the cross sections of all
species in the mixture at wanted ratio, run a Boltzmann equation solver
(e.g. BOLSIG+ [33]) to get the rate coefficients. Then the scaling factor can
be calculated according to:
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ω/αeff(E/N) =
kexc(E/N)∑
kion(E/N)− kattch(E/N)
(10)
where the rate of ionization kion and attachment kattach can be calculated
from the Boltzmann equation, too.
(iii) Quenching pressure pq. At elevated pressures, the quenching of ra-
diative states has to be taken into consideration. The pressure correction
factor in equation (4) is defined by:
Π =
pq
p+ pq
(11)
The value of quenching pressure pq is defined according to stationary
kinetics balance of excited radiating species by taking into account radiative
decay and quenching. The value can be decided from following formulation:
pq =
kBT
τ0kq
(12)
where τ0 is the radiative decay time and kq is the quenching rate of corre-
sponding emitting species. The uncertainty of kq leads to some deviations.
Typical pq for pure nitrogen, oxygen and nitrogen in air is 9.8, 30 and 36 pa,
respectively [1]. This value is tabulated as a matrix, the quenching factor of
excited gas i by gas j is stored in row i and column j of the matrix.
(4) Special cases
The input data has to be adjusted in case of following cases:
(i) To calculate for low pressures. In this case just set a huge quenching
pressure, thus Π ≈ 1.
(ii) To compare with some classical formulations. That is to say, if users
want to get the photo–ionization function without scaling factors and quench-
ing factors (like in Ref [10] et al.), just set the scaling factor as 1.
(iii) To calculate a specific gas that is not included in the database. To
achieve this, one can select a gas (for example N2) and replace the cross–
section, the spectrum and corresponding physical data, “pretending” that
N2 is the desired gas specie.
5. Examples and benchmarks
In this section the calculated photo–ionization functions of N2, O2 and
CO2 molecules are presented and compared with existing experimental data
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or estimations. The photo–ionization source term to be used in a fluid model
is also calculated and compared with a benchmark case for N2/O2 mix-
ture. Finally the extended three terms Helmholtz photo–ionization model
is tested using the parameters provided by PHOTOPiC with a two dimen-
sional streamer benchmark simulation.
5.1. Photo–ionization functions of N2, O2, CO2 and H2O molecules
The calculated photo–ionization functions by PHOTOPiC are compared
with experimental values for pure N2, O2 and air. The experimental values
have also been summarized in paper [1].
Figure 5: Photo–ionization functions calculated by PHOTOPiC and from experimental
data. Air data correspond to the work of Penney [34], O2 data correspond to the work of
Przybylski [35], and N2 data is from the work of Teich [36], CO2 data is retrieved from
Ref [1].
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Using the default database, PHOTOPiC well reproduced the photo–
ionization functions reported in the references [34, 35, 36, 1], as shown in
Figure 5. The photo–ionization function drops exponentially with Pr, the
absolute value and decreasing rate varies. Photo–ionization function of air
is the highest in absolute value and in Pr range, indicating that photo–
ionization in a gas mixture can be significantly enhanced, which has also
been validated in [7, 8].
Notes that in Ref [1] the quenching factors are not taken account, thus
the results obtained by PHOTOPiC has to be multiplied by (p + pq)/pq for
the comparison.
5.2. Photo–ionization source terms of air
The fitting parameters for the extended Helmholtz Photo–ionization model
calculated by PHOTOPiC are checked by comparing with results presented
in paper [10]. The gas mixture for validation is air. We compared the pho-
toionization production rate Sph in a two-dimensional axisymmetric domain
assuming a Gaussian-distribution ionization source:
I(r, z) = I0exp(−(z − z0)
2/σ2 − r2/σ2) (13)
where z0 is the axial position of the source term, σ controls the spatial width
of the ionization source, I0 = 1.53 × 10
25cm−3s−1 is the ionization source.
The calculations are performed in three different dimensions 0.02× 0.02cm2,
0.2 × 0.2cm2 and 2 × 2cm2, the value of σ in corresponding dimensions are
0.001, 0.01 and 0.1 cm, z0 equals 0.01, 0.1 and 1 cm, respectively.
The calculated photo–ionization source term required for plasma mod-
eling is shown in Figure ??. The distribution of photo–ionization source
terms in radial and axial directions calculated from the classical three terms
Helmholtz model are plotted together for comparison. It is clearly seen that,
the extended Helmholtz photo–ionization model is equivalent to the classical
one that is designated for N2/O2 mixtures.
5.3. Streamer propagation in N2/O2 mixture
The parameters calcualted for the extended three terms Helmholtz model
are used in a 2D fluid code (PASSKEy code[21]) to reproduce the results of
a classical streamer discharge simulation benchmark [37]. This benchmark
was done for the hyperboloid anode placed 1 cm over a plane cathode in
atmospheric pressure air. Constant voltage of 13 kV was applied to the
15
Figure 6: Photo–ionization source terms calculated by PHOTOPiC and in Ref [10]. (a)
and (b) correspond to the radial and axial distribution of photo–ionization source terms
in 0.02 cm×0.02 cm scale. (c) and (d) correspond to 0.2 cm×0.2 cm scale while (e) and
(f) correspond to 2 cm×2 cm. The red lines are calculated by extended three terms
Helmholtz model using the parameters given by PHOTOPiC, the dots are extracted from
the reference.
anode. An accurate numerical scheme to correctly capture the avalanche–
to–streamer transition and the propagation velocity.
Figure 7 (a-d) compares the results of the calculation of the present work
with the reference results taken from [37]. Calculated in the present work
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Figure 7: The pin–plane discharge benchmark. (a) and (c): the evolution of axial electric
field and spatial electron density in Ref [37]; (b) and (d) results calculated by PASSKEy
code [21] using the parameters obtained by PHOTOPiC.
axial profiles of the electric field and isolines of the electron density are shown
in Figure 7 b and d respectively.
Different computational approaches to photoionization have been used in
[37] and in the present work. Both codes are based on the classical pho-
toionization model developed by Zheleznyak et al [11]. In [37], the photoion-
ization was calculated by integration over the region containing the emission
sources; the region was a restricted volume related to the streamer head. The
present work uses the extended three terms Helmholtz model. Despite the
described difference, the results calculated by the PASSKEy code provide a
good agreement with [37], see Figure 7 a and c. The streamer is initiated in
high Laplacian field close to the anode and expands along the axis of the dis-
charge and in the radial direction until it reaches approximately a radius of 1
17
mm. After this, the streamer propagates along the axis of the discharge gap
with almost constant radius of the channel and practically constant velocity.
6. Conclusions
A program devoted for calculating the photo–ionization functions is de-
veloped. The calculated photo–ionization functions have been validated by
existing experimental data and can be used in different numerical models for
gas discharges. The classical three terms Helmholtz photo–ionization model
is extended to account for photo–ionizations without oxygen. We have val-
idated that the extended three terms Helmholtz photo–ionization model is
equivalent to the classical one for N2/O2 mixtures.
Future versions of the program will provide the possibility to add user–
defined gas specie, and the capability to calculate parameters for other photo–
ionization models (i.e. the three-group Eddington and SP3 approximation
model et al.).
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